Vibrio anguillarum Fur mutants, 775met9 and 775metll, were characterized. V. anguillarum 775met9 had a change of D to G at position 104 located in the carboxy terminus resulting in impaired Fur activity. Computer analysis predicts perturbation of an alpha-helix in the carboxy terminus which may interfere with Fur protein conformation. Strain 775metll had a change in the start codon resulting in no protein synthesis. The mutants are unstable, and reversion to the wild type occurs frequently.
An important virulence factor of the fish pathogen Vibno anguillarum is its plasmid-mediated iron uptake system, composed of the siderophore anguibactin and a receptor complex that recognizes ferric-anguibactin (1, 13, 14, 22) . In some bacterial species such as Escherichia coli, regulation of the iron-uptake gene expression depends on a single gene, fur (ferric uptake regulator) (20) , whose product acts as a classical repressor, blocking transcription in the presence of high concentrations of iron (4, 21, 36) . We recently reported the cloning and characterization of the V anguillarum fiur gene and determined that Fur plays a role in regulation of the synthesis of anguibactin and the outer membrane protein FatA (42, 45) . In addition, in V anguillarum there are at least three plasmidmediated regulators besides the chromosomally mediated Fur (33, 34, 40, 41) . The V anguillarum Fur protein shares a high degree of homology with the other Fur protein sequences reported in the literature (5, 23, 24, 28, 37, 42) .
Fur exerts its regulatory function by binding to the operator of Fur-regulated genes (4, 12, 16, 17) . Although indirect, there is evidence implicating the C-terminal portion of the E. coli Fur protein in Fe2+ binding, which may induce a conformational change in the N-terminal region of the protein that allows the binding, possibly as a dimer, to the operator of Fur-regulated genes (12) . However, the characteristic helixturn-helix motif (8, 9 ) present in many DNA-binding proteins is not found. Therefore, the study of the V anguillarum Fur protein is of great importance not only to understand the regulation of the iron uptake system but also as a general model of regulation and DNA-protein interactions. As part of these studies, we characterized two V. anguillarum fur mutants that we have recently isolated (42) , using the MnCl2 resistance selection method (21) . In this work we characterize the products of these mutations and investigate the implications of our findings to the structure-function relationships of Fur.
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Complementation offur mutants by V. anguillarum wild-type Fur. We have recently isolated two V. anguillarum fur mutants, 775met9 and 775metll (Table 1) , by selection in the presence of MnCl2 (42) . To determine the nature of these two mutations, we performed complementation studies with the wildtype fur gene clone from V anguillarum, pMET67 (45 (11) . amino acid change from D to G at position 104. This mutation occurs in an amino acid conserved in most known Fur proteins.
In the case of mutant 11, sequence analysis revealed a single point mutation of nucleotide G-3 to T-3 resulting in a change of G to U in the translation initiation codon. This mutation results in the codon AUU, which is recognized as an initiation codon in mitochondria (46) .
We also sequenced the upstream region of the mutant fur genes to about 200 bp upstream from the Fur start site containing putative -10 and -35 sequences (44, 47) . Features of this region are depicted in Fig. 1 . Comparison of this sequence to those of V vulnificus and V. cholerae shows that there is a ca. 100-bp deletion in the V. anguillarum and V vulnificus regions, while the remainder of the upstream region remains considerably conserved, including the anticipated ribosomal binding site, the predicted -35 and -10 promoter regions, and the predicted transcription start site. There also is a region resembling a Fur box which overlaps both the putative -10 and + 1 sites of the V. anguillarum fur gene that is closer to the consensus sequence, compared with the same region in the fur genes from the other two Vibrio species. No differences were found in the upstream regions of mutant 9 or mutant 11. These results were in agreement with the fact that approximately similar levels and sizes offur-specific transcripts were detected in all samples from V anguillarum 775, 775met9, and 775metl1 under both iron-rich and iron-limiting conditions (data not shown).
Analysis of predicted secondary structure of Fur proteins. By using different approaches, such as marker exchange for V. cholerae (23) , V vulnificus (24) , and Y pestis (37) , and by using selection in the presence of MnCl2 for Pseudomonas aeruginosa (28) and V. anguillarum (42) , it was possible to demonstrate that mutations in the fur-like gene in these bacteria also led to constitutivity of specific iron-regulated systems. Structural analysis of E. coli Fur by nuclear magnetic resonance and circular dichroism revealed that approximately 50% of the protein contains alpha-helix motifs, especially concentrated in four regions comprising residues 15 to 36, 80 to 96, 105 to 123, and 130 to 147 (48) . These alpha-helices may interact with each other or with other regions of the protein upon the binding of metal ion and/or DNA (32) . However, these helixes, being up to 21 residues in length, do not conform to the classical helix-turn-helix motif, which involves a two-or three-turn helix and a four-residue turn followed by a four-turn helix (8, 9 Figure 2 shows these computer-predicted secondary structures, as well as the predicted effect of a simulated D-104 to G-104 mutation in the secondary structure of the Fur proteins from V cholerae (panels E and F), V vulnificus (panels G and H), and E. coli (panels C and D). The computer analysis confirms a secondary structure for E. coli Fur similar to that from the experimental analyses cited above. We found that the general alpha-helical pattern found in E. coli Fur occurs to a similar extent in the wild-type Fur from V. anguillarum, V cholerae, and V vulnificus. The alpha-helix patterns in the carboxy terminus of V. anguillarum, V cholerae, and V vulnificus Fur proteins are quite similar to each other but differ from those in the similar region of the E. coli Fur protein.
The D-104 to G-104 mutation results in a critical perturbation in the alpha-helix region found in the carboxy terminus of this protein, causing an interruption of the alpha-helix. (Fig.  2A and B) (27, 31) . As is the case for the V anguillarum Fur protein, introduction of a D-104 to G-104 mutation in V. cholerae and V vulnificus Fur proteins also leads to a disruption in the alpha-helix pattern. However, in these cases, the result of the mutation is that the initial alpha-helix region of about 10 amino acid residues is no longer part of the alphahelix motif. It appears that this region in the wild-type Fur proteins from V cholerae and V vulnificus may be less constrained to alpha-helicity than that of the wild-type Fur from V. anguillarum. It is of interest that the E. coli Fur protein alpha helix motif does not appear to be significantly altered by the D-104 to G-104 mutation, a prediction which correlates with the fact that this alpha-helix motif does not begin until residue 105 (48) . Thus, on the basis of both our computer model and the fact that the amino acid flanking this single mutation is a serine in the Vibrid Fur protein sequence, the probability that the D-104 to G-104 mutation causes termination of alphahelicity at this region of the carboxy terminus is greatly increased.
Analysis of mutant Fur protein expression. The PCR insert from mutant 9 with the D-104 to G-104 mutation in the V anguillarum Fur protein was subcloned into the expression vector pT7-5 and then transformed into E. coli BL21 (DE3)(pLysE) (39) . Using IPTG (isopropyl-p-D-thiogalactopyranoside) to induce gene expression, we demonstrated that this mutant fur gene could be expressed in E. coli (Fig. 3, lane D) .
It can be seen in this figure that the mutant protein migrates more rapidly than the 17-kDa wild-type protein (compare lanes C and D). To corroborate that our findings are not an artifact of the overexpression of the cloned mutant 9 gene in E. coli, we also analyzed the mobility of the chromosomally encoded mutant 9 protein synthesized by V. anguillarum 775met9 compared with that synthesized by the cloned mutant 9 fur gene in E. coli. Figure 4 , lanes C and E, shows that both proteins migrate in the same manner.
To further assess that this single point mutation was responsible for the faster migration, as well as for the diminished Fur function (42), we used pAWPCR9.1, which is the mutant 9 gene cloned by using pBluescript SK+ as the vector. This recombinant plasmid was used to perform site-directed mutagenesis to revert the mutated fur gene to the wild-type sequence (pAWPCR9.lM) as well as to assess Fur activity. Transformation of pAWPCR9.1M DNA into E. coli RRJC1 resulted in white colonies on MacConkey agar containing 100 ,uM FeCl3, indicating that the wild-type form of Fur was recovered. As shown by immunoblot analysis (Fig. 4 , lanes E and F), concomitant with the reversion from G-104 to D-104, wild-type mobility of the revertant Fur was also recovered.
Finally, we also performed site-directed mutagenesis of the cloned wild-type Fur open reading frame reproducing mutation 9. This mutated clone encoded a mutant Fur protein that migrated with the same mobility as the mutant 9 Fur protein from 775met9 (data not shown). It is also apparent from Fig. 4 that similar levels of Fur protein are produced from both wild-type and mutant 9 fur clones in E. coli, as is the case for wild-type and mutant 9 proteins in V anguillarum.
The different migration and diminished activity of Fur mutant 9 occur when the mutated chromosomal fur gene is expressed not only in the V. anguillarum cell environment but also as a cloned gene in an E. coli background, suggesting that the D-104 to G-104 mutation results in a change that is intrinsically related to the protein encoded by the mutated gene, either by changing the spatial conformation or by making the protein more susceptible to degradation. The loss of such a large negatively charged amino acid has previously been determined to cause aberrant migration of a protein in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Our results showed that mutant 775met11 led to the constitutive expression of both the FatA outer membrane protein receptor and catechols under both iron-rich and iron-limiting conditions (2) protein (Fig. 4, lane B) (42) . However, when a fivefold excess of the extract from 775metll is loaded, a very faint band appears at the proper molecular weight for wild-type Fur (Fig.  4, compare lanes A and B) . In this mutation, the initiation AUG codon was changed to AUU. Site-directed mutagenesis 3 . Overexpression of wild-type and mutant 9 fur genes in E. coli BL21(DE3)(pLysE) (1, 15, 25) . Total extracts were electrophoresed by SDS-15% PAGE and were stained with Coomassie blue. Extracts from cells harboring pTAW1.8 (wild-type anguillarum fur gene) (lanes A and C) or pAWPCR9B (mutant 9 Fur) (lanes B and D) were obtained from cultures that were uninduced (lanes A and B) or induced in the presence of IPTG (lanes C and D) . Lane E, broad-range Bio-Rad molecular weight markers; the molecular sizes (in thousands) are shown on the left (arrows).
changing the AUU to AUG restored production of Fur protein (data not shown).
Influence of environment on stability offur mutations. We have experienced a loss of the fur mutant phenotype in several (Fig. 5, lane F) and complete minimal medium containing ethylenediamine-di-(o-hydroxyphenyl)acetic acid (EDDHA) (iron limiting) (Fig. 5, lane G) . It was of interest that when the final passage was from complete minimal medium into iron-limited minimal medium (Fig. 5, lane G (1, 15, 25) . Fur proteins from V. anguillarum 775 (lane A) and mutant 775met9 (lane B) obtained from cultures grown in TSBS (Trypticase soy broth supplemented with 1% NaCl) and minimal medium, respectively. Lanes: C to E, proteins from 775met9 after frozen inoculum was plated directly onto TSAS supplemented with 1 mM MnCl2, 2 mM MnCl2, 4 mM MnCl2, respectively. Molecular weight standards (in thousands) are indicated on the left, and the wild-type and mutant Fur 9 are indicated on the right.
were grown on TSAS (Trypticase soy agar supplemented with 1% NaCl) medium with increasing MnC12 concentrations, we discovered the disappearance of the wild-type Fur protein in total cell extracts run in SDS-PAGE (Fig. 6 ). Cultures grown from frozen inoculum streaked onto TSAS with 4 mM MnCl2 typically required 24 to 48 h to grow; only mutant 9 Fur protein was detected (Fig. 6 , lane E), but at lower concentrations, wild-type Fur protein was present (Fig. 6, lanes C and D) . The wild-type 775 strain, also streaked directly from frozen inoculum, consistently failed to grow within 48 h on TSAS plates supplemented with 4 mM MnCl2. An interesting note is that these reversions to wild-type mobility of the 775met9 protein in V anguillarum were not seen in any of the clones containing the mutant 9 fur gene in E. coli.
We have consistently seen selection for bacteria carrying the wild-type Fur proteins under nutrient-rich and/or high-iron conditions. Thus, we compared the growth of 775 and 775met9 in iron-rich and iron-limiting minimal media ( Table 2 ) and found that the mutant Fur strain 775met9 consistently grows more poorly than the wild type strain. We also demonstrate that while the 775 wild-type strain thrives in iron-rich conditions compared with iron-limiting conditions, the mutant strain 775met9 grows considerably less voraciously in non-iron-limiting conditions, and yet it grows similarly to the wild type in iron-limiting medium. This difference in growth leads us to hypothesize that in these mutant cultures once reversion to wild-type Fur begins, the portion of the population containing wild-type Fur will grow more rapidly than the mutant cells in that population, especially under iron-rich conditions, unless there is specific selection pressure in the form of MnCl2 to maintain the mutant population. We are quite interested in why the mutant strain does not thrive in an iron-rich medium. As Fur in other bacteria has been shown to function pleitropically, many possibilities for poor growth exist. Perhaps, a high intracellular iron concentration could be deleterious to the cell, for instance, by catalyzing the production of free radicals, 
